To investigate the factors controlling nitrate-nitrogen (NO 
Si. Nitrate-N concentrations were determined using ion chromatography (QIC Analyzer; Dionex, 193 Sunnyvale, CA, USA); Si concentrations were determined colorimetrically using the molybdenum 194 blue method. 195 Shallow groundwater table peaked before  252 discharge peak in the FW but after discharge peak in the AW, indicating subsurface runoff 253 occurred earlier in the AW than that in the FW, which may be attributed to the soil characteristics 254 such as the water conductivity or the macroporosity. 255
Data analyses 196

Antecedent precipitation index
Rainfall events 256 Table 3 shows that the hydrological characteristics of the selected rainfall events varied 257 considerably. The total amount of rainfall ranged from 10 to 91 mm. Each watershed had rainfall 258 events from large (≥ 50 mm), moderate (20 mm < total rainfall < 50 mm) and small quantities of 259 rainfall (≤ 20 mm) and at both the dry and wet antecedent soil moisture conditions (API 7 ranged 260 from 0 to 24.18, and API 21 was from 2.42 to 28.81). Regardless of the difference in the 261 characteristics of rainfall events, the runoff coefficient showed smaller values in the AW and larger 262 values in the FW, suggesting that the generation of runoff may be controlled not only by 13 hydrological characteristics, but also by watershed characteristics such as the land cover, slope, 264 watershed size, or soil type. 265 Figure 3 shows the different patterns of the NO 3 --N concentrations during rainfall events in the 266 three watersheds. In the FW, the NO 3 --N concentrations had similar trends with shallow 267 groundwater table, both of which increased with the rising limb of discharge and peaked before 268 the discharge peak (Fig. 3a) . However, the shallow groundwater increased slowly after discharge 269 peak in the AW (Fig. 3c) ; the NO 3 --N concentrations first decreased with the discharge peak and 270 then increased with the increase of shallow groundwater table after discharge peak. In the AFW 271 and AW, the NO 3 --N concentrations showed several peaks, with the largest one occurring after the 272 discharge peak (Fig. 3b, c) . The peak concentrations of NO 3 --N ranged from 0.31 to 0.80, 1.07 to 273
1.76, and 1.62 to 1.98 mg L -1 in the FW, AFW, and AW, respectively (Table 4 ). The Si 274 concentrations decreased when the discharge peaked, and opposite trajectories were found for 275 NO 3 --N and Si concentrations for all three watersheds (Fig. 3) . 276
Nitrate-N export patterns during hydrological events 277
Snowmelt season 278
The relationships between discharge and NO Table 4 ) and the rainfall amount, API X , and RC (in Table 3 ). 299
Significant correlations were found between API X and the peak NO watersheds (Fig. 6) . For the peak concentrations of NO 3 --N, there was a significant correlation 307 with the percentage of agricultural area in the watershed (Fig. 7) . These results indicated that the 308 NO 3 --N export among the three watersheds was different in both the export patterns (the timing of 309 peak) and the peak concentrations. These differences in the timing of the NO 3 -
Discussion 314
The differences of NO 3 --N concentrations during snowmelt and rainfall events were significant 315 among three watersheds (P<0.01). The NO 3 --N concentrations were much higher in the AW than 316 that in the FW (Fig. 2, 3 , Table 4), and there was a significant positive correlation between 317 agricultural area and the peak NO 3 --N concentrations during the rainfall events (Fig. 7) . figure 2 and 3a,3c) , the subsurface flow could enhance. Therefore, the infiltration rate of water 375 from soil to shallow aquifer could affect on the timing of subsurface flow occurrence (quick or 376 slow). The underlying of the three watersheds is mainly volcanic ash with the same infiltration 377 rate, so the water infiltration rate in soil may be different between forested and agricultural land 378 use. For example, installation of pasture and cattle trampling increase bulk density and penetration 379 resistance and reduce macroporosity, infiltration rates and hydraulic conductivity, which may 380 result in slow subsurface flow/return flow in the pasture (Germer et al., 2010) . In forested 381 catchments of temperate regions, substantial subsurface flow can be generated because of the high 382 infiltration capacities of the forest surface soils perched above less permeable soil layers or a 383 slowly moving wetting front (Hammermeister et al., 1982) . Moreover, live or decayed plant roots 384 may form macropores easily in forest soil (Beven and Germann, 1982). Mosley (1982) showed 385 under experimental conditions using forest soil, under both saturated and unsaturated conditions, 386 that water could move downslope through macropores very rapidly. In the saturated zone, the fast 387 response would depend on steep slopes and high hydraulic conductivity caused by macropores 388 (Beven and Germann, 1982). Thus, the rapid subsurface flow/preferential flow/return flows from 389 the macropores were common in the forest (Germer et al., 2010) . In our study, the macropores 390 would also cause high infiltration rate and so that the shallow groundwater table might rise quickly 391 and then lead to fast subsurface flow. The response of the subsurface flow may be more significant 392 because of the steep slope. In addition, the soil depth was thicker in the flat pasture/grassland than 393 that in the steep forest in our study, which was similar to the study conducted in South China 394 (Chen et al., 2010). Chen et al. (2010) reported that the watershed with a steeper slope and thin 395 soil deposits generated more subsurface flow and a larger proportion of quick flow than did the 396 watershed with gentle slope and thick soil deposits. We observed the shallow groundwater table 397 peaked before the discharge peak in the FW while after discharge peak in the AW (Fig. 3) , which 398 is a strong evidence to show the quicker subsurface flow in the forested steep watershed. 399
The timing of the NO 3 --N export for the snowmelt season in the AFW was different from that 400 seen for the rainfall events. The NO 3 --N peaked before the discharge peak during the snowmelt 401
season, but after the discharge peak during rainfall events. This may be because of an integrated 402 effect of the mixed land use and mixed topography characteristics. However, the integrated effect concentration peaked before the discharge peak, during the snowmelt season (Fig. 4) and rainfall 413 events (Fig. 5) ; the inverse patterns of NO 3 --N and Si concentrations (Fig. 2, 3) ; and the similar 414 patterns of NO 3 --N concentrations and shallow groundwater table (Fig, 2, 3 Band, 1998). 423
The delayed peak of NO 3 --N (after 1Tp) in AW during the hydrological events (Fig. 3, 5) In this study, the change in the variable source area and the response of subsurface flow may both 442 be regulated by the flat topography in the AW, where we observed the slowly increase of shallow 443 groundwater table after discharge peak (Fig. 3c) . 444
In addition, the high concentrations of NO 3 --N and the similar trends with Si concentrations 445 and the deep groundwater table at the beginning of the snowmelt and rainfall events (Fig. 2, 3 
